The mitochondrial group IIB intron rI1, from the green algae Scenedesmus obliquus' LSUrRNA gene, has been introduced into the lacZ gene encoding β-galactosidase. After DNA-mediated transformation of the recombinant lacZ gene into Escherichia coli, we observed correct splicing of the chimeric precursor RNA in vivo. In contrast to autocatalytic in vitro self-splicing, intron processing in vivo is independent of the growth temperature, suggesting that in E.coli, trans-acting factors are involved in group II intron splicing. Such a system would seem suitable as a model for analyzing intron processing in a prokaryotic host. In order to study further the effect of cis-mutations on intron splicing, different rI1 mutants were analyzed (with respect to their splicing activity) in E.coli. Although the phenotypes of these E.coli intron splicing mutants were identical to those which can be observed during organellar splicing of rI1, they are different to those observed in in vitro self-splicing experiments. Therefore, in both organelles and prokaryotes, it is likely that either similar splicing factors or trans-acting factors exhibiting similar functions are involved in splicing. We speculate that ubiquitous trans-acting factors, via recent horizontal transfer, have contributed to the spread of group II introns.
INTRODUCTION
Since group II introns were first discovered in fungal mitochondria, this intron type has been found in a wide range of plastid, mitochondrial and eubacterial genomes. In the latter case, organisms like cyanobacteria, proteobacteria and Gram-positive bacteria have all been shown to be sources of group II introns (1) (2) (3) (4) (5) (6) . The detection of group II introns in bacteria supports the hypothesis that group II introns entered eukaryotes together with prokaryotic endosymbionts (7) . This invasion might have led to the evolution of discontinuous trans-spliced group II introns, and eventually to nuclear introns with a similar splicing mechanism (7) (8) (9) .
Group II introns are characterized by a conserved secondary structure consisting of six stem-loop domains (10; Fig. 1 ).
Splicing of group II introns proceeds via two transesterification steps, which release an intron lariat and the ligated exons. The splicing mechanism, which depends on the secondary and tertiary intron structure, has mainly been analyzed in in vitro self-splicing experiments using autocatalytic intron RNAs (reviewed in 11). In vivo, the few investigations using site-directed mutagenized introns include experiments with yeast in mitochondria, and with chloroplasts in the green alga Chlamydomonas reinhardtii chloroplasts (12) (13) (14) (15) (16) . To date, as far as we are aware, there have been no in vivo analyses in prokaryotes of cis-acting group II intron sequences; although in vivo splicing, as well as its reverse reaction, has been demonstrated for the Lactococcus intron Ll.ltrB (4, 6, 17) . In this latter example, the intron was able to splice itself out of its precursor RNA, and after transfer into Escherichia coli was also able to splice itself into the ligated exons (18, 19) . Ll.ltrB contains an open reading frame (ORF) encoding a protein with maturase, reverse transcriptase and endonuclease activities, which facilitate the intron's reactions. Only some of the group II introns characterized carry an ORF (10, 11) . Since all group II introns depend on trans-acting factors for in vivo splicing, cellular factors must facilitate splicing of those introns which do not encode their own maturase. Therefore, it remains questionable to what extent those introns without an ORF are able to move between different organisms. Intron transfer is thought to play a major role in intron evolution, and may have led to the wide distribution of group II introns amongst various organisms (7) .
In order to test the proposed horizontal group II intron transfer, the mitochondrial group II intron rI1 from the green alga Scenedesmus obliquus (20) was inserted into the lacZ gene of E.coli, and subsequently analyzed with respect to its in vivo splicing activity. Intron rI1 does not contain an ORF, and as such processing of rI1 is dependent on cellular trans-acting factors provided by the host. Our analysis shows for the first time that a eukaryotic group II intron, which does not encode its own maturase, is correctly spliced in a prokaryotic host. In addition, our system also allows the mutational analyses of intron splicing in E.coli. From our data it becomes clear that intron processing in eukaryotes and prokaryotes shares identical features, i.e. both processes might depend on trans-acting factors with similar functions. 
MATERIALS AND METHODS

Plasmids
All plasmids used for E.coli strain XL1Blue transformation (Stratagene; 21) are derivatives of plasmid prI1s-s and have previously been described (15, 16) . Plasmid prI1s-s was generated by inserting a 759 bp PCR fragment into vector pT3T7/EcoRV. This fragment carries the S.obliquus mitochondrial intron rI1, its intron binding site 1 (IBS1), as well as exon sequences from the C.reinhardtii tscA gene (46 bp from the 5′ exon, and 99 bp from the 3′ exon) (15) . Plasmid designations indicate group II intron mutations derived from plasmid prI1s-s (Table 1 ; Fig. 1 ). After cloning, all PCR fragments were completely sequenced.
Analysis of E.coli transformants
In order to isolate nucleic acids, E.coli cultures were grown at 37 or 24_C to an optical density (OD 590 ) of 0.8. The isolation of total RNA was performed according to Brosius et al. (22) . Total RNA was used as a template for reverse transcription by AMV reverse transcriptase (Boehringer Mannheim) according to Krug and Berger (23) (25, 26) . Radioactively labeled oligonucleotide 607 (AAC TGG CTT TTA AGC CCT TC), which is complementary to the tscA 3′ exon, was used as a probe. For sequencing, the amplified cDNA products were eluted from an agarose gel and used as template in an asymmetric PCR using the reaction conditions described above. In order to produce Figure 1 . Secondary structure of the group II intron rI1. Deletion and substitution mutations used in this study are indicated. Intron sequences are shown as a solid line; 5′ and 3′ exon sequences are represented by white boxes. Roman numerals (I-VI) denote the six structurally conserved group II intron domains. Domain I is subdivided into sub-domains (A-D). EBS1-IBS1, EBS2-IBS2, α-α ′, γ-γ ′ and ε-ε′ indicate three-dimensional base pairings. Nucleotides G1, A398 (γ) and U608 (γ ′), and domains V and VI were either substituted, or deleted by PCR-mediated mutagenesis, as described previously (16).
a major single-stranded DNA product, 50 ng of the T3 primer were mixed with only 2 ng of the T7 primer. The obtained reaction products were purified with the QIAquick PCR purification kit (Qiagen) and directly used for sequencing.
RESULTS
In previous studies, we have shown that the S.obliquus mitochondrial group II intron rI1, can be successfully transferred into chloroplasts of the green alga C.reinhardtii (15, 16, 27) . The heterologous intron is correctly spliced in vivo and the intron processing is supported by trans-acting factors provided by the heterologous host. Such data question the extent to which group II introns can be transferred between different organisms and organelles; and in order to investigate the possibility of a horizontal intron transfer, we analyzed processing of intron rI1 in a prokaryotic host. Plasmid prI1s-s, carrying the S.obliquus rI1 intron together with its 6 bp intron binding site (IBS1), was used to construct a recombinant E.coli strain. Previously, we have shown that IBS1 is essential for splicing in a heterologous environment (15) . As shown in Figure 2A , the intron is flanked by 46 bp of the tscA gene at its 5′ end and by 99 bp of the tscA sequence at its 3′ end. The tscA gene is a C.reinhardtii chloroplast gene which was used as a source of exonic sequence for the in vivo and in vitro splicing analyses mentioned above (15, 16, 27) . Following its construction, the chimeric tscA-rI1 sequence was inserted into the EcoRV site of vector pT3T7BM ( Fig. 2A) . Transcription of the heterologous intron starts at the lacZ promoter of vector pT3T7BM, which leads to a precursor RNA containing the lacZ sequence, along with the multiple cloning site and the inserted tscA-rI1 construct. Total RNA isolated from transformants carrying the plasmid prI1s-s (Fig. 2) was analyzed by RT-PCR amplification, as a means of determining the splicing activity of intron rI1.
Plasmid DNA of prI1s-s was used as a control for PCR experiments. The DNA amplification was carried out using the T3 and T7 primers which are complementary to the exonic sequences from the lacZ gene. PCR yielded a product of ∼900 bp which carries the multiple cloning site together with the chimeric tscA-rI1 sequence (Fig. 2B) . Consequently, amplification of the cDNA resulted in a 900 bp fragment containing the non-spliced intron. An additional fragment, of ∼290 bp, was also obtained from amplifying the cDNA. This PCR product was not detected when control DNA was amplified, and most probably represents the spliced exon-exon molecule. These results were confirmed by RT-PCR, using another pair of oligonucleotides (nos 654 and 655) as primers. Both oligonucleotides are complementary to the tscA 5′ and 3′ exons, and in all experiments using either the DNA control, or the cDNA, as template (Fig. 2B) , a 760 bp fragment from the chimeric tscA-rI1 sequence was generated. In addition, a 150 bp product was amplified only when the cDNA was used as a template for RT-PCR (Fig. 2B) . Sequence analysis of the RT-PCR products representing the putative spliced exon-exon RNAs confirmed that they do not contain the intron rI1, rather the correctly spliced tscA exons from inside the lacZ gene's multiple cloning site (data not shown). Similar results were also obtained when using either plasmids containing rI1 inside short homologous S.obliquus exon sequences, or plasmids carrying rI1 integrated into different tscA sequences (data not shown). Detection of the ligated exon-exon RNAs clearly demonstrates that the mitochondrial intron rI1 is correctly spliced in E.coli.
Intron rI1 is one of only a few group II introns which show autocatalytic splicing in vitro. The autocatalytic activity of rI1 depends on the reaction conditions, and in particular is limited by the incubation temperature (28) . In vitro splicing of rI1 is efficient at 45_C, somewhat reduced at 37_C, and at temperatures of v24_C there are no splicing products detected at all (data not shown). Escherichia coli is generally grown at a temperature of 37_C, which in vitro should support low levels of rI1 autocatalytic activity. In the next set of experiments we examined whether E.coli in vivo processing of rI1 is solely an autocatalytic activity. For this purpose, in vivo splicing of rI1 was conducted in E.coli cells grown at 24_C, as well as in cells grown at 37_C. If splicing of rI1 is mainly an autocatalytical process, without the support of any trans-acting factors from E.coli, then the reduced temperature should inhibit splicing, due to the strict temperature dependency of the self-splicing reaction. In contrast, in vivo splicing mediated by trans-acting factors is possible at low temperatures, while in vitro splicing is completely prevented. RT-PCR amplification of RNA from E.coli transformants grown at both 37 and 24_C was performed using the two primer combinations mentioned previously (Fig. 2) . PCR products representing the unspliced precursor, as well as the spliced exons, were detected in equal amounts at each temperature. Sequencing of these PCR products confirmed correct in vivo splicing in E.coli cells grown at 37°C as well as at 24_C (data not shown). Thus, splicing of rI1 does not show a dependency on growth temperature, and is therefore most probably supported by trans-acting factors.
Group II introns are characterized by their complex secondary and tertiary structure (Fig. 1) . Structural elements, conserved sequences and specific single nucleotides can all determine the nature of the splicing reaction, both in vitro as well as in vivo. In contrast to numerous in vitro splicing experiments already described (reviewed in 11) and few reports of in vivo investigations done with yeast mitochondria and C.reinhardtii (12) (13) (14) (15) 29, 30) , we have demonstrated an E.coli-based system which allows us to examine the relevance of various cis-acting elements in a Figure 3 . Analysis of in vivo splicing of mutated introns in E.coli. cDNA of E.coli transformants carrying various intron mutants as indicated, was used as template for RT-PCR. The amplification reactions were performed using oligonucleotides nos 654 and 655 (Fig. 2A) . The PCR products obtained were blotted and hybridized with oligonucleotide no. 607, which is complementary to an internal tscA exon sequence. prokaryotic host. Therefore, derivatives of plasmid prI1s-s, carrying different intron mutations, were transformed into E.coli (Fig. 1) . Table 1 summarizes the intron mutants used for in vivo analyses, as well as the function of the corresponding cis-acting elements during autocatalytic in vitro self-splicing.
The resulting pre-RNAs with deleted or substituted intron sequences were tested for their in vivo splicing activity by RT-PCR (using oligonucleotides nos 654 and 655 as primers; Fig. 2A ). As shown in Figure 3 , both the unspliced RT-PCR product (760 nt) and spliced 150 nt fragment were detected in E.coli transformants carrying the wild-type intron rI1. However, as expected, RT-PCR analyses of intron derivatives completely lacking domain V (∆V) identified only unspliced precursor RNA (domain V is part of the catalytic center of group II introns and thus is essential for splicing; 31, 32) . Similarly, deletion of domain VI, which is involved in lariat formation during the first splicing step (33), leads to a complete loss of splicing activity (∆VI). RT-PCR products from both mutants are smaller than the fragment representing the wild-type precursor due to the deletion of either domain V or VI, respectively. The first intron nucleotide G1, which is highly conserved and in group II introns, is involved in both splicing steps (34) , was substituted by an A in intron derivative G1A. Amplification of cDNA from transformants carrying this derivative yielded only 760 nt products, representing the unspliced RNA. Intron nucleotides A398 and U608 form the so-called γ-γ′ tertiary interaction (Fig. 1) , which is involved in the second step of group II intron splicing, both in vitro and in vivo (16, 35) . Again, the single substitution of either A398 (A398C) or U608 (U608C) results in a complete loss of any splicing activity, similar to the G1 mutant. In these cases, only the amplification product of the unspliced precursor RNA is visible (Fig. 3) . Double mutants of the γ-γ′ base pairing result in different pattern of in vivo phenotypes. The double mutant γGγ′G, which does not form a Watson-Crick base pair between the γ and γ′ sites, shows a complete loss of spliced exons, as previously seen with the single substitutions of U608 (γ′) and A398 (γ). Southern hybridizations of the PCR products with an internal exon-specific oligonucleotide exclude the occurrence of low amounts of spliced RNAs, and confirm the lack of exon-exon molecules in the deletion mutants as well as in all of the point mutations mentioned above (Fig. 3) . Only double mutants, which form a regular Watson-Crick base pair between the γ and γ′ positions, restore the splicing capacity of the heterologous intron. In transformants γGγ′C and γUγ′A, the spliced exons are detected as a RT-PCR product of ∼150 nt (Fig. 3) . Taken together, these data reveal that the identity of the first nucleotide and the tertiary base pairing between the γ site and the γ′ site are essential for successful splicing in E.coli. In conclusion, our data show that the mitochondrial intron rI1 is a useful tool for the mutational analyses of cis-acting elements in the prokaryote E.coli.
DISCUSSION
Group II introns are considered to be mobile genetic elements, and their transposition between loci and organisms is thought to have been a major determinant of intron evolution (36, 37) . Ongoing changes in intron distribution are dependent on recent horizontal intron transfers between different species. A horizontal intron transfer might be mediated by mobile genetic elements such as transposons and plasmids (2,4,5), or as postulated for group I introns, by parasites, symbionts, viruses and phages carrying intron sequences (38) (39) (40) . Transposition of mobile group II introns into new loci results from the reverse splicing activity mediated by the intron RNA itself, and is facilitated by intron-encoded polypeptides (41) (42) (43) . The hypothesis that these mechanisms help spread group II introns is supported by artificial intron transfers into new hosts, resulting in successful splicing of heterologous intron RNAs in vivo. This has recently been shown by intron transfer between eukaryotic organelles (from mitochondria of S.obliquus into chloroplasts of C.reinhardtii; 27) as well as between different prokaryotes (from Lactococcus lactis into E.coli; 18).
As far as we are aware, this work is the first study showing splicing of a eukaryotic intron in bacteria. The mitochondrial intron rI1 from S.obliquus is correctly processed in E.coli, leaving the exonic intron binding site 1 from S.obliquus inside the ligated exons. In contrast to in vitro self-splicing, in vivo splicing in E.coli is independent of temperature, suggesting that trans-acting factors are supporting the processing of this heterologous intron.
Studies with group I introns have shown that the trans-acting factors which facilitate in vivo splicing, do so by supporting the folding of intron RNAs into specific secondary and tertiary structures (44) (45) (46) . Certain splicing factors specifically recognize and stabilize the catalytic core of either individual introns, or intron groups (47, 48) . Alternatively, RNA chaperones can bind intron RNAs non-specifically and prevent formation of an inactive conformation. They can also resolve misfolded precursors and facilitate association of critical substructures, thus constraining them to a correct and catalytically active structure. In E.coli, two putative splicing factors with RNA chaperone activity, which promote splicing of heterologous group I introns in vitro and in vivo, have been identified (49) (50) (51) . Nucleoid protein StpA and the ribosomal protein S12 both exhibit unspecific RNA binding and RNA chaperone activities in E.coli. These proteins, as well as any additional RNA chaperones, may also facilitate folding and splicing of other introns in E.coli, including the group II intron rI1. In vivo splicing of rI1 in E.coli is independent of temperature and proceeds in a similar fashion at both 37 and 24_C. The reduction of temperature leads to a cold-shock response in E.coli, which is characterized by both an alteration in the translational machinery and a dramatic induction of the major cold shock protein CspA (reviewed in 52, 53) . CspA and other cold shock proteins act as RNA chaperones which, at low temperatures, bind RNA molecules with low specificity to prevent 'wrong' RNA secondary structures forming (54, 55) . We speculate that these RNA chaperones might also prevent the formation of inactive intron structures, which impede splicing at low temperatures in vitro. In addition, CspA can induce expression of several different genes, including hn-s, which encodes a nucleoid protein (56, 57) . This protein might act as a splicing factor at low temperatures like the homologous StpA nucleoid protein from E.coli (50) .
All intron mutations analyzed in E.coli and in C.reinhardtii chloroplasts result in similar splicing defects in both systems (16) . The deletion of domains V and VI, the substitution of the highly conserved first intron nucleotide G1 and the destruction of the tertiary γ-γ′ base pair all lead to a complete lack of exon-exon molecules in vivo. In sharp contrast, in vitro self-splicing of identical point mutants from rI1 and other group II introns results in the formation of ligated exons, suggesting the involvement of trans-acting factors in intron splicing and exon ligation in vivo (12, 16, 35) . Since all rI1 mutations investigated cause similar splicing phenotypes in both heterologous organisms, either identical splicing factors, or trans-acting factors exhibiting corresponding functions, are involved in intron processing in both chloroplasts and bacteria.
Most of the known non-intron encoded splicing factors of group I and group II introns do not act in an intron-specific way, rather promoting either the splicing of several different introns, or different intron groups (58) (59) (60) (61) . In most cases, these trans-acting factors are bi-functional, and affect other functions beside intron splicing (49, 62, 63) . Such trans-acting factors show general nucleic acid binding activity, and are involved in various stages of gene expression. For both RNA chaperones and RNA helicases, RNA binding proceeds unspecifically (49, 50) . Splicing factors such as tRNA synthetases specifically recognize a defined structure, which is shared by both tRNAs and group I intron RNA (46) . Therefore, splicing factors may exhibit ancient functions, which have been adapted to facilitate intron splicing (64, 65) . Since most of the known bi-functional splicing factors are involved in gene expression, these proteins are often distributed ubiquitously and share high degrees of homology, particularly between prokaryotes and eukaryotic organelles (66) . The conservation of splicing factors may allow intron sequences transferred horizontally to be correctly spliced. This idea is supported by several trans-factors which facilitate splicing of heterologous group I introns. The td intron from phage T4 can be processed by either the nucleoid StpA protein and protein S12 from E.coli, or by the CYT18 tRNA synthetase from Neurospora crassa (49, 50, 67) . Splicing factor CYT18 also suppresses mutations in the group I intron from Tetrahymena thermophila (68) , whilst the homologous yts1 gene from Podospora anserina can complement cyt18 mutants from N.crassa deficient in in vivo splicing activity (69) .
However, the horizontal transfer of introns is limited, for several different reasons. Introns which depend on a specific host-encoded splicing factor are unlikely to be transferred successfully. In contrast to rI1, which belongs to intron sub-group IIB, a plastid group IIA intron from tobacco is not spliced in C.reinhardtii (70) , since processing of plastid group IIA introns depends on a chloroplast encoded factor (71) . In addition, it appears that introns dependent on further RNA modifications, such as RNA editing (72, 73) or trans-splicing (74, 75) , cannot be transferred successfully. Moreover, the post-splicing metabolism of excised intron RNAs may actually prevent successful intron transmission. The Tetrahymena group I intron is spliced in yeast and E.coli; however, the insertion of this heterologous intron reduces viability of both hosts (51, 76) . The stability of excised intron RNA is most probably not regulated correctly in E.coli and yeast, resulting in intron RNA interfering with cellular proteins or nucleic acids. Free intron RNA may well be toxic, since it can cleave both ligated exons and homologous sequences (77) . Therefore, although the spreading of introns is generally limited, the relatively ancient group II introns which only need unspecific cellular factors (e.g. rI1; 27), or introns which encode their own maturase (e.g. Ll.ltrB; 18), can actually be transferred into new loci and hosts and thus may contribute to intron evolution.
